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LES and RANS Investigations Into
Buoyancy-Affected Convection in
a Rotating Cavity With a Central
Axial Throughflow
The buoyancy-affected flow in rotating disk cavities, such as occurs in compressor disk
stacks, is known to be complex and difficult to predict. In the present work, large eddy
simulation (LES) and unsteady Reynolds-averaged Navier-Stokes (RANS) solutions are
compared to other workers’ measurements from an engine representative test rig. The
Smagorinsky-Lilly model was employed in the LES simulations, and the RNG k- turbu-
lence model was used in the RANS modeling. Three test cases were investigated in a
range of Grashof number Gr=1.87 to 7.41108 and buoyancy number Bo=1.65 to 11.5.
Consistent with experimental observation, strong unsteadiness was clearly observed in
the results of both models; however, the LES results exhibited a finer flow structure than
the RANS solution. The LES model also achieved significantly better agreement with
velocity and heat transfer measurements than the RANS model. Also, temperature con-
tours obtained from the LES results have a finer structure than the tangential velocity
contours. Based on the results obtained in this work, further application of LES to flows
of industrial complexity is recommended. DOI: 10.1115/1.2364192Introduction
In order to achieve further improvements in turbomachinery
nternal air system design and component temperature prediction,
n accurate knowledge of the flow and heat transfer behavior of
he system is essential. Computational fluid dynamics CFD is
ow commonly used to support the design of many elements of
he internal air system, but the prediction of buoyancy-affected
ow in high-pressure compressor disk cavities has proven particu-
arly difficult. Recognizing the need for progress in this area, ex-
erimental and computational research studies of convection in
otating cavities have been included in the European Union EU
ponsored ICAS-GT internal cooling air systems for gas turbines
nd ICAS-GT2 research. Most of the work described here was
ndertaken as part of the ICAS-GT2 research program and arose
rom the recognition that LES methods may have distinct advan-
ages over RANS methods for this problem, which is known to
ive rise to large scale unsteady flow structures. In LES the larger
urbulent eddies are simulated, with smaller subgrid scale eddies
eing modeled. The subgrid scale modeling is dependent on the
esh size and unlike RANS models is designed to allow devel-
pment of the larger resolved eddies that interact with the mean
ow.
A number of relevant experimental studies have been reported
sing various experimental techniques, such as velocity measure-
ent, heat transfer, and/or flow visualization. The geometries con-
idered in the experiments include simply enclosed rotating cavi-
ies for example, 1, the idealized plane disc with an axial
hroughflow 2–4, as well as geometries that are more represen-
ative of engines 5–9. Typically, the cavity flows were found to
e highly three-dimensional 3D and unsteady, with various flow
tructures, such as “radial arms,” penetrating the cavities. Strong
ependency on rotational speed, axial throughflow strength, and
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18 / Vol. 129, APRIL 2007 Copyright © 20temperature gradients has also been identified. The disk heat
transfer regimes can be broadly divided into three regimes: buoy-
ancy dominated, axial throughflow dominated, and transitional.
Heat transfer correlations are often related to rotational Rayleigh
or Grashof numbers, through analogy to results for free convec-
tion in gravitational fields. Dependencies on Reynolds number
and Rossby number Ro=W /a where W is the axial throughflow
bulk velocity and a is the disk speed at the inner radius have
also been identified. In accordance with mixed convection under
gravity, different regimes have been associated with different
ranges of a buoyancy number Bo=Ro/ T0.5, where T is the
driving temperature difference and  is the coefficient of thermal
expansion. The experimental correlations are inevitably based on
particular geometries and consequently often display significant
scatter. In these difficult experiments, measurement uncertainty
can also be significant.
A number of numerical simulations have also been reported.
For low rotational Grashof number convection in a sealed cavity
with different uniform disk temperatures, Chew 10 found that an
axisymmetric, steady, laminar flow model gave good agreement
with heat transfer measurements. Bohn et al. 11,12 reported that
laminar steady models gave “quite good” agreement with mea-
surements for axially heated sealed rotating cavities at higher
Grashof number, and also noted the tendency of the flow to be-
come unsteady with radial heating. It is now widely accepted that
negative radial density gradients cause flow unsteadiness analo-
gous to Rayleigh-Benard convection under gravity. Long and
Tucker 13 obtained laminar unsteady CFD solutions for a heated
cavity with axial throughflow and claimed reasonable accord with
an earlier experimental correlation for disk surface heat transfer.
However, limitations of the laminar model were also recognized.
Iacovides and Chew 14 applied a steady, axisymmetric RANS
model to the high Rossby number “throughflow-dominated” re-
gime and concluded that the calculated disk heat transfer was
comparable to measured data, but firm conclusions could not be
drawn due to experimental and modeling uncertainties. Other
studies for example, 15,16 have been reported using conven-
tional k- turbulence models in unsteady 3D simulations, but the
07 by ASME Transactions of the ASME
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Jnformation available in the open literature is limited. Wong’s
omparisons 16 with heat transfer measurements gave mixed
esults. In a recent publication, King et al. 17 applied a two-
imensional, unsteady, laminar CFD model to Rayleigh-Benard
onvection in a sealed cavity. The calculated heat transfer was
igher than Bohn et al.’s 1 experimental correlation.
As a precursor to the present work, Sun et al. 18 studied high
ayleigh number free convection under gravity in a stationary
ube and under centripetal force in a rotating cavity. Somewhat
urprisingly, laminar, unsteady three-dimensional CFD models
ere found to give excellent agreement with accepted empirical
orrelations for the stationary cube, and with Bohn et al.’s sealed
otating cavity results. Large-scale flow structures were found at
ll conditions considered. Although the solutions showed turbu-
ent characteristics, the smallest Kolmogorov turbulent length
cales were not fully resolved, indicating that these calculations
ould be classed as large eddy simulations with the numerical
iscosity contributing to turbulence energy dissipation. As the
aminar unsteady/LES model would be unlikely to be suitable for
odeling cavities with a central axial throughflow, the
magorinsky-Lilly model was used in the present LES study. The
esults obtained are compared to both experimental data and with
ANS solutions. The configuration studied experimentally by
ong et al. 19 was selected for this study, as it was considered to
e reasonably representative of engine operating conditions, and
hroud heat transfer and cavity velocity measurements were avail-
ble. As far as the authors are aware, this is the first application of
ES to the problem of buoyancy affected rotating cavity flow with
xial throughflow.
Model Definition
2.1 Geometry and Meshing. The geometry considered in
his work is based on the rig described by Long et al. 19. A
etailed description of the test rig and experiments performed can
e found in the thesis by Alexiou 20. This test rig included a
tack of model compressor disks forming four rotating cavities.
he third cavity was selected for detailed investigation and is
llustrated schematically in Fig. 1. The ratio of the inner and outer
adii is a /b=0.319. The gap ratio between the cavity width s and
he outer radius b of the cavity is G=s /b=0.195. A stationary
haft, radius rs=0.886a formed the inboard flow boundary. During
he experiments, the disks and connecting cavity shroud were ro-
ated at a constant speed, and heating was applied to the outer
urface of the rotor.
The computational meshes were generated in GAMBIT 21 by
rst defining a 2D mesh in the plane of Fig. 1 and then extruding
his circumferentially. Following Sun et al. 18, sector models
ere generated instead of a full 360 deg cavity to reduce comput-
ng requirements. Three sector models, with arc lengths of 45, 90,
nd 120 deg, as well as a full 360 deg model were generated. The
Fig. 1 Schematic illustration of the rotating cavityesh sizes for these models were constructed from 1.36, 3.24,
ournal of Engineering for Gas Turbines and Power4.07, and 12.2 million hexahedral cells, respectively. Mesh spac-
ing was such that the value of the mean dimensionless near-wall
distance y+ was 0.6–1.0 in the LES calculations. The number of
mesh cells in the wall boundary is typically 20. The expansion
ratio of the boundary mesh cells is 1.1. Such a mesh resolution
may be regarded as adequate from a general consideration of LES
practice. Supporting evidence is also given by the mesh indepen-
dence investigation conducted in the authors’ previous study 18
for high Rayleigh number free convection under gravity in a sta-
tionary cube and under centripetal force in a rotating cavity, al-
though mesh independence has not been demonstrated in the
present investigation. A sectional view of the 120 deg mesh,
which has 250 equally spaced points in the circumferential direc-
tion, is shown in Fig. 2.
2.2 Boundary Conditions and CFD Modeling. The FLUENT
CFD code version 6.1 22 was used in all the calculations pre-
sented here. The domain boundary was divided into rotating sur-
faces, stationary surfaces, inlet, and exit and circumferentially pe-
riodic sections, and appropriate conditions were imposed. The
inlet mass flow rate and the outlet static pressure were defined in
accordance with experimental data. In FLUENT LES computations,
the stochastic velocity components of the inflow are accounted for
by superposing random perturbations on individual velocity com-
ponents, which are obtained in terms of the assigned turbulence
intensity, mean flow velocity, and the Gaussian random function.
In recognition of the strong mixing effects between the central
axial throughflow and swirl flow in the upstream cavities, the inlet
turbulence intensity was set to 20%. For two LES cases discussed
later tests 33 and 34, the inlet mean swirl velocity was specified
from the tangential velocity profile at outlet obtained from a
steady, axisymmetric RANS simulation of an annular pipe flow
with similar geometry. For a third case test 50, the preswirl was
simply defined consistent with “solid-body” rotation at rotor
speed, as this was thought to be a fair approximation to the steady
RANS solution. No-slip conditions were imposed on all solid
boundaries. Rotor temperatures were specified from interpolation
of thermocouple measurements for the corresponding experiment,
and the shaft was assumed to be adiabatic.
The LES models used the classic Smagorinsky-Lilly subgrid
scale model 23,24. It is generally thought that the model param-
eter Cs needs to be tuned from case to case. According to Sagaut
25, the model constant Cs represents a relationship between the
mixing length associated with the subgrid scales and filtering cut-
off length and may vary from 0.10 to 0.33. The theoretical value
of Cs is 0.18 for isotropic, homogeneous turbulence. For the iner-
tial subrange of an isotropic, homogeneous turbulence, Lilly 24
further derived a value of 0.23 for the constant Cs. Therefore, the
constant Cs=0.23 was adopted after some initial experimentation.
In the near-wall regions, the FLUENT LES model is reported to
+
Fig. 2 Sectional view of the 120 deg meshassume linear profiles when y values are small as is the case
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To compare to the LES simulations, a RANS calculation using
he same mesh was also conducted. The RANS turbulence model
mployed in this calculation was a two-layer RNG k- /k-l model
26,22. This model is appropriate for the fine near-wall mesh
pacing used here and had been found to perform similarly to
ther two-equation RANS models for this class of flow.
An implicit pressure correction solution algorithm was em-
loyed, with second-order temporal and spatial discretization for
oth the LES and RANS solutions. Central spatial differencing
as used for the LES calculations, and upstream differencing for
he RANS calculations. The time step was set to 1.0 ms corre-
ponding, for example, to 0.02 times the revolution time 2 /
or test 33. Solutions were obtained in the frame of reference
otating with the rotor; thus, relative velocities were smaller than
hey would have been in the absolute frame. Unsteady simulations
ere started from “part-converged” steady-state RANS solutions.
2.3 Flow Conditions. The three experimental test cases con-
idered, tests 33, 34, and 50, are summarized in Table 1, with
ppropriate nondimensional parameters. The test cases were se-
ected to cover most of the experimental range for the Buoyancy
umber with the rotational speeds being relatively low to mini-
ize the mesh resolution requirements. The shroud Grashof num-
er in Table 1 is defined as Gr=2Tbs /23 /2, where T is
he shroud to inlet air temperature difference, and  denotes kine-
atic viscosity. The Rossby number Ro and the buoyancy number
o are as previously defined. Axial and rotational Reynolds num-
ers Rez=Wl /, and Re=b2 /, where l is the inlet hydraulic
iameter are also given for reference. Note that in the test 50
alculations, the operating pressure was set to a higher value in
he CFD than in the corresponding experiment, resulting in Gr
2.92108 and Bo=9.21, whereas Rez=1.53105 remained un-
hanged. Based on the results of other work and experimental
vidence in this parameter range, it is judged that the higher op-
rating pressure should not radically affect the Shroud Nusselt
umber predictions.
With regard to the computation speed, typically for a 120 deg
odel with a mesh of 4106 cells, each time step takes 4 min
n CPU time when performed on a PC cluster with 20 2 GHz
rocessors using low latency Myrinet networking. More powerful
C clusters and supercomputers will shorten the computation
ime.
Results
LES results are presented first, in the following three subsec-
ions. RANS and LES models are then compared in the section
Comparison of LES and RANS Models.”
3.1 Shroud Heat Transfer. In the experimental investigation,
eat fluxes were estimated from thermocouple measurements at
he midaxial position on the shroud. Shroud heat transfer was
herefore selected for initial evaluation and comparison of results.
igure 3 shows a time history for the calculated circumferentially
veraged midshroud heat flux. This is typical of the LES results.
onsiderable variations occur even after circumferential averag-
Table 1 Three test cases investigated in the study
est case Rez Re Ro Gr Bo
3 4.41104 1.04106 1.46 2.32108 3.0
4 4.35104 1.99106 0.75 7.41108 1.65
0 1.53105 1.03106 5.05 1.87108 11.5
0* CFD 1.53105 1.29106 4.04 2.92108 9.21ng, and this indicates the presence of large-scale rotating struc-
20 / Vol. 129, APRIL 2007tures in the flow. Henceforth, the term average is used to refer to
a circumferential average. Note that the shroud Nusselt number
used here is defined as
Nu =
qs/2
kT
1
where q is shroud heat flux.
Sensitivity to the angular extent of sector used in the model was
examined for test 33, and results are shown in Fig. 4, which also
presented the corresponding experimental data. The CFD results
in Fig. 4 and elsewhere when time-mean values are presented
are obtained from time averages of the monitored circumferen-
tially averaged shroud heat flux data, typically based on 5000 time
steps in the later part of the simulation, for which the time mean
value had stabilized. Henceforth, the term mean is used to denote
the time average of the circumferential average monitors. For
convection in a sealed rotating cavity, Sun et al. 18 showed that
there was little difference in computed mean heat transfer between
45 deg sector and full 360 deg models. In the present results,
some sensitivity is apparent, although there is little change in
results obtained using the 120 and 360 deg models. The trend can
be explained by the fact that the periodic conditions limit the
appearance of larger flow structures, consequently reducing the
heat transfer on the shroud. All further calculations reported here
were conducted using the 120 deg sector model.
Underprediction of the shroud heat transfer is obvious in Fig. 4.
Further comparisons are shown in Figs. 5 and 6. The experimental
Fig. 3 Time history of shroud Nusselt number, LES, test 34,
120 deg model, Gr=7.41Ã108, Bo=1.65
Fig. 4 Shroud mean Nusselt number for test 33 with sector
8and full annulus models, Gr=2.32Ã10 , Bo=3.0
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Jata presented in these figures and the choice of parameters are
rom Long and Tucker 7 and Long et al. 19. In Ref. 19,
ccuracy of the shroud heat transfer results is estimated as ap-
roximately ±1% to ±6%, based on uncertainty in measured sur-
ace temperatures of ±0.2 K. For test 50, the displacement be-
ween the test and CFD 50* on the abscissae is due to a higher
alue of pressure used in the calculations, as explained above.
oting the experimental trends of shroud Nusselt number at these
rashof and buoyancy numbers, this is unlikely to have a serious
ffect on the conclusions drawn here. Tests 33 and 34 are at rela-
ively low buoyancy numbers. Test 50 is at a higher buoyancy
umber, where the axial throughflow is relatively stronger. The
ifference in heat transfer between the LES calculations and the
easurements is between −25% and 6%. For tests 33 and 34, LES
nderpredicts the heat transfer, whereas for test 50 the difference
ay well be within experimental uncertainty. Experimental trends
re followed by the model predictions reasonably well, as far as
an be deduced from this limited number of tests. Also, consider-
ng that these results may be sensitive to the near-wall LES mod-
ling and the assumed boundary conditions, the degree of agree-
ent achieved is considered encouraging.
3.2 Mean Velocity and Turbulence Characteristics. Experi-
ental velocity measurements from this test rig have been re-
orted by Alexiou 27. These show that the mean flow is almost
n “solid-body” rotation in the outer part of the cavity when buoy-
ncy number is small. This behavior is captured in the present
ES calculations for tests 33 and 34, as shown in Fig. 7. Here, the
ime mean and circumferentially averaged relative tangential ve-
ocity at the midaxial position divided by the disk speed is plotted
ig. 5 Comparison of shroud mean Nusselt number between
FD and experiment, Nu versus Gr
ig. 6 Comparison of shroud mean heat transfer between CFD
nd experiment, Nu versus Bo
ournal of Engineering for Gas Turbines and Poweragainst nondimensional radial position. A direct comparison of the
tangential velocity profile with measurement for the test case test
50, for which Bo=11.5, is also given in this figure. It can be seen
that the LES predictions are in good agreement with the measured
data.
As previously noted, the predicted flow and heat transfer is
essentially three-dimensional and unsteady, as observed in experi-
ment. Although the existence of large-scale unsteady structures is
widely accepted, the degree of turbulence that is present is less
well established. Indeed, it has been hypothesized that regions of
laminar flow may occur. Monitoring point histories of temperature
and relative tangential velocity at the domain central point CP
are shown in Figs. 8 and 9. Corresponding normalized turbulence
energy spectra are shown in Figs. 10 and 11. The data shown are
for test 34. Figures 10 and 11 include a −5/3 trend line to allow
comparison to the expected trend for isotropic turbulence in the
inertial subrange as observed in many experiments see, for ex-
ample, 28. Clear irregular fluctuations can be seen in Figs. 8
and 9. The corresponding spectra in Figs. 10 and 11 show that the
resolved turbulence energy spectra have regions where the slope is
−5/3. Qualitatively, the spectra have the expected properties with
Fig. 7 Comparison of mean relative tangential velocity pro-
files on the midaxial plane
Fig. 8 Time history of temperature at the central point, LES,
8test 34, 120 deg model, Gr=7.41Ã10 , Bo=1.65
APRIL 2007, Vol. 129 / 321
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3oreshortening of the −5/3 region at high frequencies due to dis-
ipation associated with the sub-grid-scale turbulent viscosity and
possibly numerical diffusion.
3.3 Flow Structures. Large-scale flow structures are revealed
y instantaneous, midaxial contour plots of static temperature T
Tin /T, relative tangential velocity Vt_rel /r and radial veloc-
ig. 9 Time history of relative tangential velocity at the do-
ain central point, LES, test 34, 120 deg model, Gr=7.41Ã108,
o=1.65
ig. 10 Temperature fluctuation spectrum at the domain cen-
ral point, LES, test 34, 120 deg model, Gr=7.41Ã108, Bo
1.65
ig. 11 Relative tangential velocity spectrum at the domain
entral point, LES, test 34, 120 deg model, Gr=7.41Ã108, Bo
1.65
22 / Vol. 129, APRIL 2007ity Vr /b in Figs. 12–14. The colder central throughflow can
clearly be seen in Fig. 12. It may also be observed that hot and
cold radial “arms” or “plumes” penetrate the cavity. Test 34, with
the highest Grashof number and lowest buoyancy number, shows
the strongest cold plume emanating from the throughflow jet. The
flow structures for this case are possibly less ordered than at lower
Grashof number. CFD 50*, corresponding to Test 50, with the
highest buoyancy number, exhibits the sharpest definition of the
jet boundary and has a generally cooler core flow within the
cavity.
The instantaneous velocity contours in Figs. 13 and 14 show
larger flow structures compared to those from the instantaneous
temperature contours in Fig. 12. King et al. 17 noted even more
pronounced differences between velocity and temperature con-
tours in some of their 2D laminar-sealed cavity simulations, and
Fig. 12 Instantaneous temperature contours on the midaxial
plane
Fig. 13 Instantaneous relative tangential velocity contours on
the midaxial plane
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Jttributed this to vacillation of the flow structure. Examination of
ransient behavior does confirm that the flow structure is continu-
lly changing.
3.4 Comparison of LES and RANS Models. For compari-
on to the LES results, an unsteady RANS calculation for test 50
as conducted using the RNG k- model with the 120 deg sector
odel and same mesh as for the LES calculation. As shown in
ig. 15, it was found that the RANS calculation gave much poorer
redictions in terms of shroud heat transfer and tangential velocity
rofiles. The amplitude of shroud heat transfer fluctuations is also
eaker in the RANS calculation. A further RANS calculation,
sing a coarser, 2106 cell mesh for the full 360 deg domain,
lso gave similar results.
Comparison of the RANS prediction of turbulence viscosity to
he LES sub-grid-scale turbulence viscosity at the cavity midaxial
osition shows the former to be around two orders of magnitude
arger, as might be expected. This, of course, affects the mean
ow field and its fluctuations, as confirmed by the center point
angential velocity results in Fig. 16. At first sight, the normalized
urbulence energy spectra from the two calculations are perhaps
urprisingly similar. Note, however, that it is difficult to identify
lear trends from these data; longer simulation times are really
equired to reduce the statistical scatter and aliasing. This does of
ourse raise interesting questions regarding the relationship be-
ween unsteady RANS calculations and LES as often practiced. In
his case, the basic instability of a rotating flow with a negative
adial density gradient makes some unsteadiness in the RANS
olution inevitable, and the energy contained in large-scale fluc-
uations, must presumably be convected away or dissipated. The
ubgrid turbulence time scale in the LES calculation is given by
sgs
2 /sgs, where Lsgs and sgs denote the subgrid length and the
ubgrid turbulence kinematic viscosity, respectively. The subgrid
urbulence time scale is of order 10 ms at the cavity center point,
hich is consistent with dissipation of turbulence energy and
eparture from the −5/3 slope in Fig. 16 for frequencies greater
han 100 Hz. The turbulence time scale for the RANS solution at
he cavity center is 3 ms. This corresponds to a frequency of
300 Hz, and, compared to the LES result, gives a less convinc-
ng representation of the large scale turbulence.
Differences between large-scale flow structures presented in the
ES and RANS results are more obvious in the instantaneous,
ig. 14 Instantaneous radial velocity contours on the midaxial
laneidaxial plane temperature and velocity contours. For the RANS
ournal of Engineering for Gas Turbines and Powercalculations, these are given in Fig. 17, which should be compared
to Figs. 12–14. In the case of the RANS results, the structures
appear sharper and better defined.
4 Conclusions
Large eddy simulations of flow and heat transfer in a heated
rotating cavity with a central axial throughflow have been ob-
tained and compared to the available experimental data and un-
steady RANS model calculations. The results of the LES models
are very encouraging in that they were clearly in better agreement
with the measured data than those obtained using a k-	 model. In
the LES study, shroud heat transfer predictions were within 25%
of measurements, and good agreement with tangential velocity
measurements was demonstrated. However, the LES calculations
are computationally demanding, to the extent that the present in-
vestigation was limited to just three experimental conditions. Fur-
ther work is recommended, including investigation of more ex-
perimental conditions and careful consideration of the near-wall
LES modeling and interaction of the flow in the central jet with
the main cavity flow. As recent calculations on the UK national
HPCx computing facility show, the capability for LES calcula-
tions is advancing rapidly and further development and applica-
tion of LES for this class of problem is to be expected.
Both LES and RANS models reveal large-scale flow structures.
These are better defined for the RANS calculations, and there is a
higher level of fluctuation in the LES. Temperature contours from
the LES results show a finer structure than the corresponding ve-
locity contours. For both RANS and LES models, results from a
120 deg sector model gave very similar mean flow quantities to
those obtained from a full 360 deg model. For smaller sector arc
lengths, the suppression of the larger structures by the periodic
Fig. 15 Comparison of flow and heat transfer between LES,
RANS, and measurementboundary condition does affect the mean flow and heat transfer.
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urrent study adds to the growing evidence that LES can be of use
n flows of industrial complexity and offer advantages in terms of
ccuracy over unsteady RANS models. A review of progress in
his area is beyond the scope of this paper, but examples may be
ound in the open literature. Further turbomachinery applications
f LES are given by Viswanathan and Tafti 29, who illustrate
ES applications for turbine blade internal cooling, and Sarkar
nd Voke 30, who show LES calculations for flow over a low-
ressure turbine blade.
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omenclature
a 
 inner radius of cavity
b 
 outer radius of cavity
Bo 
 buoyancy number =Ro/ T0.5
Cp 
 specific heat at constant pressure
G 
 gap ratio of cavity=s /b
Gr 
 shroud Grashof number=2Tbs /23 /2
l 
 hydraulic diameter of annular inlet
Nu
ig. 16 Comparison of RANS and LES velocity predictions,
est 50
 shroud Nusselt number=qs /2 /T
24 / Vol. 129, APRIL 2007Pr 
 Prandtl number=Cp /
q 
 shroud heat flux
r 
 radius
rs 
 shaft radius
Ra 
 Rayleigh number
Pr Gr
Rez 
 axial through flow Reynolds number
Wl /
Re 
 rotational Reynolds number
b2 /
Ro 
 Rossby number
W /a
s 
 cavity width
T 
 temperature
Tin 
 cooling air temperature at inlet
Tsh 
 shroud wall temperature
W 
 bulk velocity
y+ 
 normalized wall distance
uy/
Greek Symbols
 
 coefficient of thermal expansion
T 
 temperature difference between shroud and
cooling air
 
 thermal conductivity
 
 dynamic viscosity
 
 kinematic viscosity
 /
 
 density
 
 stress tensor or wall friction stress
 
 angular velocity of rotor
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